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Abstract 

We  have  investigated  the  cross-contamination  of  As  in  GaSb/InAs  superlattices.  We  demonstrate  a  method  of 
varying  the  lattice  constant  of  the  superlattice.  By  controlling  the  As  background  pressure  in  the  growth  chamber,  the 
strain  can  be  controlled  to  about  0.01%,  corresponding  to  As  cross-incorporation  variations  of  about  ±1%.  The 
distribution  of  As  is  investigated  by  X-ray  diffraction  and  cross-sectional  scanning  tunneling  microscopy,  and  the 
critical  thickness  is  obtained. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Type  II  GaSb/InAs  superlattices  show  great  promise  for  long  and  very-long  wavelength  infrared 
detectors.  Compared  to  existing  technologies,  such  as  mercury-cadmium-telluride  detectors,  detectors 
based  on  GaSb/InAs  superlattices  have  the  potential  for  lower  dark  currents  due  to  reduced  Auger 
scattering  and  a  higher  electron  effective  mass.  In  addition,  as  a  III-V  material,  their  growth  and  processing 
is  greatly  simplified. 

One  issue  that  arises  in  the  molecular  beam  epitaxy  (MBE)  of  these  superlattices  is  cross-contamination 
of  the  group  V  elements  [1-3].  In  general,  it  has  been  treated  as  a  nuisance  to  be  minimized.  However, 
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controlled  cross-incorporation  can  be  an  advantage  as  it  gives  device  designers  another  degree  of 
freedom  with  which  to  simultaneously  optimize  the  lattice  match  and  other  material  properties  such  as  the 
band  gap. 

Prior  studies  of  cross-contamination  have  shown  that  Sb  contamination  is  determined,  in  part,  by 
the  amount  of  excess  Sb  in  the  surface  reconstruction  during  GaSb  growth  [2],  and  As  cross-contamina¬ 
tion  is  determined  by  the  As  background  pressure  [1,4].  There  is,  however,  always  an  excess  of  Sb  on 
the  surface  associated  with  the  reconstruction  under  typical  Sb-rich  growth  conditions,  so  there  are 
limited  options  for  controlling  Sb  cross-incorporation  into  InAs  [5,6].  By  comparison,  the  As  background 
pressure  is  comparatively  easy  to  control.  The  major  unknown  is  the  distribution  of  As  at  the  inter¬ 
faces  within  the  GaSb  layers.  Here,  we  report  on  a  study  to  determine  the  distribution  of  As  in  GaSb/InAs 
superlattices. 


2.  Experimental  procedure 

A  series  of  50-period  superlattices  (SL)  with  a  nominal  structure  of  40  monolayers  (ML)  of  GaSb  on 
20  ML  of  InAs  with  InSb  interfaces  were  grown  by  solid  source  MBE  in  a  Riber  21  T  growth  chamber.  The 
superlattices  were  grown  at  400  °C  at  a  rate  of  1.0  ML/s  on  (0  0  1)  oriented  GaSb  substrates.  InSb  interfaces 
were  forced  by  migration-enhanced  epitaxy  (MEE).  The  As  and  Sb  fluxes  were  produced  by  valved  crackers 
with  tip  temperatures  of  950  and  900  °C,  respectively,  producing  primarily  As2  and  Sb2.  The  Sb  flux  was 
controlled  by  a  shutter  with  the  Sb  valve  left  open  throughout  the  growth  at  a  setting  which  produced  a  flux 
just  sufficient  to  grow  at  2  ML/s.  The  As  flux  was  controlled  by  both  a  valve  and  a  shutter.  During  InAs 
growth,  the  As  valve  was  set  to  produce  a  flux  sufficient  to  grow  at  2  ML/s  with  the  As  shutter  open.  During 
GaSb  growth  the  As  shutter  was  closed,  and  the  As  valve  setting  was  reduced  to  a  value  which  was  constant 
during  each  SL  growth,  but  varied  from  one  SL  to  the  next. 

The  MEE  procedure  for  forcing  InSb  interfaces  is  as  follows.  At  the  end  of  each  InAs  layer,  we  reduce 
the  As  valve  setting,  close  the  shutter,  and  then  deposit  1  ML  of  In.  This  is  followed  by  a  2  s  Sb  soak  before 
beginning  GaSb  growth.  GaSb  growth  is  followed  by  a  2  s  Sb  soak.  Then  the  As  valve  is  opened  with  the 
shutter  closed  and  1  ML  of  In  is  deposited.  The  InAs  layer  is  then  grown  with  the  As  shutter  open.  A  very 
similar  procedure  has  been  shown  previously  to  result  in  predominantly  InSb  interfaces  [1].  It  also  ensures 
that  the  As  pressure  is  already  close  to  steady  state  when  growth  of  the  GaSb  layer  begins. 

During  growth,  the  background  pressure  in  the  chamber  was  monitored  with  the  growth  chamber’s  flux 
gauge  which  was  positioned  12.7  cm  from  the  center  of  the  wafer,  out  of  the  direct  beam  fluxes.  The 
measured  pressure  is  a  function  of  the  position  of  the  flux  gauge.  Nevertheless,  it  will  be  shown  that  the 
background  pressure  reading  (Pb)  during  the  GaSb  growth  is  proportional  to  the  amount  of  As  which 
incorporates  into  the  GaSb  layers. 

Cross-sectional  scanning  tunneling  microscopy  (XSTM)  images  were  obtained  by  the  procedure 
described  by  Nosho  et  al.  [5].  Briefly,  to  obtain  high-quality,  atomically  flat  cleaves,  samples  were  first 
thinned  to  ~  150  pm.  After  loading  a  sample  into  the  UHY  chamber,  it  was  scribed  and  cleaved  along  a 
{110}  plane,  exposing  a  cross-sectional  view  of  the  GaSb/InAs  SL  structure  at  the  cleavage  surface.  For 
material  with  the  zinc-blende  crystal  structure,  XSTM  images  of  {110}  surfaces  reveal  only  every  other 
(0  01)  plane  in  cross  section.  The  XSTM  images  shown  here  were  recorded  for  filled  electronic  states, 
typically  at  2.4  V  and  60  pA,  nominally  imaging  the  anion  sublattice  (i.e.  every  other  row  of  Sb  or  As  atoms) 
[7]. 

High  resolution  X-ray  diffraction  (XRD)  of  the  (0  0  4)  reflection  was  performed  on  the  SLs  using  a  Bede 
QC1  double  crystal  X-ray  diffractometer  with  a  Cu  Ka  source  and  a  GaSb  first  crystal.  No  tilt  was 
detectable.  Glancing  incidence  measurements  around  the  (1  1  5)  reflection  were  also  performed  to  obtain  the 
in-plane  lattice  constant.  In  all  cases,  the  in-plane  mismatch  was  less  than  5  x  10-4. 
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3.  Results  and  discussion 


A  typical  growth  log  of  pressure  vs.  time  is  shown  in  Fig.  1(a).  The  pressure  highs  and  lows  occur  during 
the  InAs  and  GaSb  growths,  respectively.  Even  during  the  GaSb  growth,  the  background  pressure  is  caused 
almost  entirely  by  As.  An  approximately  steady  state  is  reached  within  seconds.  The  pressure  is  relatively 
constant  during  the  growth  of  each  layer  except  for  brief  transition  periods  when  it  is  changing  from  InAs 
growth  to  GaSb  growth  and  back  [see  Fig.  1(b)].  In  test  runs  of  the  SL  growth  recipe  with  the  As  valve 
closed,  the  background  pressure  was  ~  1  x  1CT8  Torr,  a  factor  of  100  less  than  the  low  pressure  during 
normal  growth.  It  is  well  known  that  the  sticking  coefficient  of  Sb  and  the  group  III  elements  on  the  cold 
shroud  is  close  to  unity.  Arsenic  builds  up  in  the  chamber  because  it  has  a  much  lower  sticking  coefficient. 
Since  this  pressure  build-up  depends  on  the  design  of  the  chamber  and  is  also  position  dependent,  the  values 
given  here  are  not  expected  to  apply  to  other  growth  chambers;  however,  a  similar  calibration  procedure 
should  be  generally  applicable. 

A  typical  XRD  (0  0  4)  rocking  curve  is  shown  in  Fig.  2.  The  superlattice  period  is  determined  from  the 
spacing  of  the  peaks,  and  the  average  oaxis  lattice  constant  of  the  superlattice  is  obtained  from  the  position 
of  the  0th  order  diffraction  peak  measured  relative  to  the  known  position  of  the  GaSb  substrate  diffraction 
peak.  All  the  SLs  in  this  study  were  within  3%  of  the  intended  period.  In  Fig.  3,  the  position  of  the  GaSb 
(0  0  4)  reflection  may  be  compared  with  the  0th  order  peak  for  3  superlattices  with  different  values  of  P b. 
The  0th  order  peak  shifts  toward  a  higher  angle  indicating  a  decreasing  lattice  constant  with  increasing  Pb. 
The  decreasing  lattice  constant  implies  an  increasing  As  concentration  in  the  GaSb  layers,  since  GaAs 
bonds  are  ~  7%  shorter  than  GaSb  bonds. 

Using  Bragg’s  law,  the  z-axis  lattice  constant  cz  can  be  computed  from  XRD  spectra: 


Cz  —  ^GaSb  x 


sin(0GaSb) 
sin(0GaSb  +  SB)  ’ 


(1) 


where  6  is  Bragg’s  angle  for  the  GaSb  (0  04)  reflection  peak,  56  is  the  position  of  the  0th  order 
superlattice  reflection  relative  to  the  substrate  peak,  and  do asb  is  the  unstrained  GaSb  lattice  constant.  Then 
the  bulk  lattice  constant,  cave,  is  determined  from  cz  assuming  Poisson’s  constant  ^  1/3.  The  results,  seen  in 
Fig.  4,  show  that  cave  is  a  linear  function  of  Pb.  The  standard  deviation  from  the  line  is  5  x  10-4, 


Fig.  1.  (a)  Pressure  reading  during  superlattice  growth  for  a  gauge  12.7  cm  away  from  the  wafer,  (b)  Expanded  view  of  the  pressure 
reading  during  a  single  period  (of  a  different  growth).  P f,  is  indicated. 
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Fig.  2.  X-ray  rocking  curve  of  a  GaSb/InAs  superlattice  around  the  (004)  GaSb  reflection  (P^  =  3.4  x  10  6). 


Relative  Bragg  Angle,  50  (arcsec.) 


Fig.  3.  Expanded  view  of  the  GaSb  substrate  peak  and  0th  order  superlattice  peak  for  several  superlattices  grown  with  varying  Ph. 


corresponding  to  an  uncertainty  in  the  strain  of  ±1  x  10-4.  This  is  the  limit  of  precision  we  would  expect  to 
obtain  with  the  present  technique  and  presumably  results  from  variations  in  the  substrate  temperature  and 
the  As  flux  [8].  The  strain  is  varied  over  a  range  of  ~  3  x  10-3.  Larger  changes  in  the  lattice  constant  and 
total  strain  could  presumably  be  achieved  by  adding  more  As  with  the  same  technique,  but  the  SL  structure 
investigated  here  begins  to  relax  at  larger  strains  making  structural  analysis  difficult. 

The  cross-incorporation  of  Sb  into  bulk  InAs  and  As  into  the  bulk  GaSb  can  be  monitored  directly  with 
XSTM  [2,6,9].  Fig.  5  shows  an  STM  gray-scale  image  of  a  typical,  atomically  flat  {110}  cross-sectional 
surface  through  a  GaSb/InAs  superlattice  grown  with  P b  =  5.3  x  10-6  Torr.  In  this  filled  state  tunneling 
image,  the  “dark”  (i.e.  topographically  lower)  regions  represent  InAs  layers  and  the  “bright”  regions  the 
GaSb  layers  [5,7,10].  Note  that  the  few  brightest,  cluster-like  structures  on  the  surface  correspond  to  small, 
monolayer-height  islands  resulting  from  an  imperfect  cleave.  Arsenic  atoms  cross-incorporated  into  the 
GaSb  layers  are  observed  as  numerous  dark  atoms  randomly  distributed  in  the  lattice.  A  few  analogous 
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Fig.  4.  The  average  bulk  lattice  constant  as  a  function  of  the  background  pressure,  P\>.  The  bulk  value  is  obtained  from  cz  assuming 
Poisson’s  constant  is  1/3.  The  line  is  a  least  squares  fit. 


Fig.  5.  XSTM  image  of  a  GaSb/InAs  superlattice  grown  with  P b  =  5.3  x  10-6  Torr  revealing  the  anion  sublattice  (60  nm  x  60  nm). 
Dark  (bright)  atoms  in  GaSb  (InAs)  layer  represent  As  cross-incorporation  (Sb  cross-incorporation)  Inset:  Close-up  (7  nm  x  7  nm)  of 
an  InAs/GaSb  interface  where  a  segment  of  GaAs  interfacial  bonds  are  observed  (dark  area  indicated  by  the  arrow). 


bright  features  are  visible  in  the  InAs,  corresponding  to  Sb  atoms  that  have  interdiffused  from  the  GaSb 
interface.  Two  other  samples  were  also  characterized,  and  the  As  concentrations  in  the  GaSb  layers 
determined  by  counting  the  cross-incorporated  atoms.  A  similar  procedure  was  used  to  determine  that  the 
Sb  concentration  in  the  InAs  was  about  3%  in  all  three  cases,  consistent  with  about  0.6  ML  of  excess  Sb  on 
the  growth  surface  distributed  within  the  20  ML  of  InAs  [2,11].  The  As  cross-incorporation  results  are 
summarized  in  Fig.  6.  For  comparison,  As  concentrations  extracted  from  the  XRD  results  as  described 
below,  assuming  no  interface  contribution,  are  also  shown  in  the  figure. 
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The  difference  between  the  XRD  and  XSTM  results  can  be  attributed  to  substitution  of  GaAs  for  InSb  at 
the  interfaces  [5,6].  The  average  c-axis  lattice  constant  is  the  sum  of  the  contributions  of  the  GaSb  and  InAs 
layers  and  the  interfaces 

_  (^Ga  d)  *  £GaSb(As)  T  (jlln  T  d)  *  ClnAs(Sb)  T  (1  d)  *  CinSb  T  d  *  CGaAs 

cz  —  ;  ;  ;  •  \^) 

^Ga  +  Win  +  1 

Here,  cGasb(As>  cinSb,  and  CinAs(Sb)  are  the  strained  oaxis  lattice  constants,  cz  is  the  measured  average  c- 
axis  lattice  constant  of  the  superlattice,  d  is  the  fraction  of  GaAs  at  the  interface,  and  nGa  and  nIn  are  the 
number  of  monolayers  of  GaSb  (40)  and  InAs  (20)  in  the  structure.  Ideally,  there  is  one  half  of  a  monolayer 
of  InSb  at  each  interface,  i.e.  d  =  0.  The  strain  is  known  since  the  films  are  pseudomorphic  with  the  GaSb 
substrate  to  a  good  approximation.  The  amount  of  cross-contamination — i.e.  the  As  and  Sb  mole  fraction 
in  each  layer — is  extrapolated  from  the  XSTM  results  where  necessary.  Then  the  lattice  constants  of 
GaSbi-jAs-y  and  InAsi_xSbx  are  computed  by  linearly  interpolating  between  the  strained  binaries  (i.e. 
Yegard’s  law),  and  Eq.  (2)  is  solved  for  A.  The  results  are  shown  in  Fig.  7.  It  should  be  noted  that  the 
derived  fraction  of  GaAs  interface  bonds  is  an  average  of  the  two  interfaces,  which  may  not  be  symmetrical. 

The  interfaces  for  the  growths  with  the  lowest  Pb  values  are  about  37%  GaAs-like,  considerably  higher 
than  what  was  seen  in  an  earlier  work  with  a  similar  MEE  procedure  [1].  This  is  probably  a  result  of  higher 
As  pressures  during  the  interface  growth.  In  Ref.  [1],  the  InAs  layers  were  grown  at  0.13  ML/s  versus  1  ML/ 
s  here.  The  lower  growth  rate  allows  In-limited  InAs  growth  with  a  much  lower  As  flux.  At  the  GaSb-on- 
InAs  interface,  an  ML  of  In  is  deposited  immediately  after  the  InAs  layer  while  the  As  pressure  is  just 
starting  to  decline.  At  the  InAs-on-GaSb  interface,  it  was  necessary  to  open  the  As  valve  ~  1  s  before  the  As 
shutter  in  order  to  obtain  good  morphology.  This  caused  the  As  pressure  to  begin  to  build  up  while  the  In 
interface  layer  was  deposited.  The  latter  procedure  was  not  necessary  in  the  earlier  study  because  the  shutter 
alone  was  sufficient  to  control  the  As  pressure  in  the  Riber  32P  growth  chamber  used  there.  Therefore,  the 
As  background  during  the  In  depositions  at  both  interfaces  was  much  higher  here  than  in  the  growths 
described  in  Ref.  [1]. 

Overall,  these  results  suggest  that  almost  30%  of  the  lattice  constant  decrease  in  these  SLs  comes  from 
the  change  in  the  interface  composition.  Since  superlattice  detectors  generally  have  much  shorter  periods 
than  the  superlattices  examined  here,  the  relative  importance  of  the  interface  composition  is  expected  to  be 


Fig.  6.  As  concentration  vs  Pb.  The  stars  indicate  concentrations  determined  directly  by  XSTM.  The  squares  are  calculated  from  the 
lattice  constant  assuming  pure  InSb  interfaces  and  3%  Sb  in  the  InAs  layers.  Smaller  lattice  constants  imply  higher  As  concentration. 
The  lines  are  least  squares  fits  to  the  data. 
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even  greater.  This  expectation  has  been  confirmed  by  XRD  measurements  of  a  single  superlattice  similar  to 
those  described  here  but  with  GaSb  layers  only  10  ML  thick.  The  results  are  consistent  if  the  contributions 
of  As  in  the  bulk  and  at  the  interfaces  are  both  taken  into  account. 

We  can  also  determine  an  upper  limit  for  the  critical  thickness  of  these  superlattices.  The  resolution  of  the 
in-plane  lattice  constant  measurement  is  insufficient  to  determine  the  critical  thickness.  However,  another 
measure  of  the  strain  relaxation  is  the  full-  width  at  half-maximum  (FWHM)  of  the  0th  order  superlattice 
X-ray  peak  [12].  The  FWHM  of  this  SL  structure  has  a  theoretical  value  of  about  22arcsec  and  should 
increase  with  increasing  relaxation  [13].  The  FWHM  data,  shown  in  Fig.  8,  does  trend  higher  with 
increasing  strain,  but  the  minimum  FWHM  is  ~  30  arcsec.  Growth  of  many  superlattices  in  our  chamber 
indicates  that  this  is  about  the  minimum  FWHM  we  can  achieve,  presumably  because  of  other  growth 
parameters  such  as  rate  non-uniformity  and  interface  roughness.  Inspection  of  Fig.  8  shows  that  this  value 


Background  Pressure,  Pb  (torr) 

Fig.  7.  The  fraction  of  GaAs  at  the  interfaces  necessary  to  reconcile  the  XSTM  data  and  XRD  data  as  a  function  of  Pb-  The 
concentration  of  As  in  the  GaSb  layers  has  been  interpolated/extrapolated  from  the  XSTM  data  where  necessary. 


_  70 

7n 
u 
c 
o 

8  60 
( /) 

O 

|  50 
E 

X 
a 3 

5  40 

IB 
□= 

™  30 
£ 

3  20 

LJ-  0.001  0.002  0.003  0.004  0.005 

Strain 


Fig.  8.  Full-width  at  half-maximum  of  the  0th  order  superlattice  X-ray  peak  vs.  superlattice  strain. 


308 


E.M.  Jackson  et  al.  /  Journal  of  Crystal  Growth  270  (2004)  301-308 


can  be  achieved  at  a  strain  of  ~  2.5  x  10-3.  Below  this  value,  the  strain-induced  linewidth  broadening  is  not 
significant. 

A  similar  conclusion  can  be  drawn  from  Nomarski  phase  contrast  microscopy.  Under  magnification,  a 
cross-hatch  pattern  can  be  seen  in  relaxed  samples.  Cross-hatching  is  visible  in  all  the  samples  with  strain 
above  3  x  10-3  and  one  of  the  two  samples  with  strain  =  2.5  x  10-3,  but  not  in  a  sample  with  strain  equal 
to  1.7  x  10-3.  From  this  result,  we  again  obtain  an  estimate  for  the  critical  strain  of  about  ~2.5  x  10-3. 
These  measurements  must  be  considered  an  upper  limit  given  that  neither  method  can  observe  individual 
dislocations. 

Both  the  InAs  layers  and  the  GaSbAs  layers  are  well  below  their  expected  critical  thicknesses.  For  the 
worst  case,  GaSbo.92Aso.08>  the  equilibrium  critical  thickness  is  ~  50  nm,  about  four  times  the  layer 
thickness.  Therefore,  the  observed  relaxation  must  be  attributed  to  the  strain  in  the  structure  as  a  whole.  In 
a  uniform,  bulk  film  of  900  nm  thickness  the  critical  strain  is  expected  to  be  about  4  x  10  4  [14].  As  is  often 
the  case,  we  observe  relaxation  only  at  a  value  several  times  the  theoretical  limit,  but  we  cannot  rule  out 
small  numbers  of  dislocations  at  lower  strain  values. 


4.  Summary 

In  conclusion,  we  have  studied  the  cross-contamination  of  As  in  GaSb  layers  within  InAs/GaSb 
superlattices.  We  find  that  the  As  incorporation  in  both  the  bulk  of  the  GaSb  layer  and  at  the  interfaces  is 
linearly  dependent  on  the  As  background  pressure  during  the  GaSb  layer  growth,  and  that  the  interfacial 
bonds  must  be  taken  into  account  to  properly  account  for  the  overall  lattice  constant.  By  controlling  this 
background  pressure,  the  strain  can  be  controlled  over  a  range  of  at  least  3  x  10-3  to  within  about 
1  x  10-4.  The  critical  strain  is  observed  to  be  <  2.5  x  10-3. 
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